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INTRODUCTION
The Nevada Nuclear Waste Storage Investigations (NNWSI) project is part of the U.S. Department of Energy's Civilian Radioactive Waste Management (CRWM) program. Currently the NNWSI project is supporting development of the EQ3/6 geochemical modeling code package under the Geochemistry Subtask in order to meet the geochemical modeling needs of the NNWSI project. EQ3/6 will be used to model the complex chemical interactions between groundwater and the repository host rock, and to evaluate the geochemical effects of the potential the concentrations of the major cations in solution are a much more sensitive measure of the tuff/water reaction that had occurred. It is not possible to analyze the alteration products of the crushed-tuff experiments in corresponding detail; however, if good agreement is found between the progressive changes in the theoretical and analytical solution compositions, the EQ6 results are interpreted to predict the secondary alteration that may form in these experiments.
The modeling of experimental results is an important EQ3/6 application for the NNWSI project. The flexible nature of the EQ3/6 package lends itself to modeling the controlled conditions of laboratory experiments. Certain conditions can then be relaxed or modified to investigate similar environments that would occur in nature at depths and conditions expected in the near-and far-field repository regimes. For example, water in a closed-system experiment can be easily transformed to water in the unsaturated zone that is in contact with the atmosphere by exercising the EQ6 NFFG option that can fix the 0 and CO fugacities to constant values.
EQ3/6 SOFTWARE PACKAGE
The EQ3/6 package is composed of two large FORTRAN computer codes, EQ3NR and EQ6, which are supported by a common thermodynamic data base. EQ3NR is a speciation-solubility code that computes a model of the state of an aqueous solution. Input can be direct analytical measurements along with a number of imposed reaction constraints. EQ3NR produces the distribution of aqueous sr••• j.es, their thermodynamic activities and saturation indices for various solids.
The EQ6 computer code is a part of the EQ3/6 software package (Wolery, 1979 (Wolery, , 1983 (Wolery, , 1985a (Wolery, , 1985b Wolery et al., 1984) that can be used to compute models of the evolution of aqueous geochemical systems (such evolution is often referred to as a reaction path). Calculations can be carried out for systems that are either open or closed to the atmosphere. The EQ6 reaction-path code calculates changes in rock/water systems as reactions proceed toward a state of overall chemical equilibrium. EQ6 is initialized by attaching a description of the aqueous solution, generated by EQ3NR as a PICKUP file, and a set of irreversible components that are to react as the 3 reaction progresses. Users specify the kinetic rate laws describing the dissolution of these phases.
The thermodynamic data are processed through a FORTRAN code, MCRT, that checks for thermodynamic consistency, extrapolates heat capacity functions with temperature, and generates data blocks for insertion into the master EQ3/6 thermodynamic data file, DATAO. MCRT contains an internal data base of free energies and enthalpies of formation, third law entropies, and heat capacities of specified reactions that are commonly used in geochemical calculations. The thermodynamic data in DATAO are processed through an additional FORTRAN code, EQTL, that checks for mass and charge balance, fits all data to a predetermined temperature grid, and writes the data files that are read directly by the EQ3NR and EQ6 source codes. The number of species in the Lawrence Livermore National Laboratory (LLNL) data base is constantly growing, and the data base is in a continual state of development in order to make the thermodynamic data as complete and accurate as possible. The EQ3/6 data base work will be under constant documentation for the next few years; all modeling runs employed the most current version of the data base DATA0S25 {dated 2/21/85).
All calculations'used EQ3/6 version 3230B (released 4/2/84). The kinetic rate laws available in the this release version of EQ6 provide only for dissolution reactions. The 3230B version represents precipitation as an instantaneous process governed by solubility equilibrium. Once saturation of a reactant occurs, its dissolution rate is set to zero. The incorporation of precipitation rate laws as a function of reaction progress and time is currently in progress and will be available in the next release version of the EQ3/6 software package expected in early 1986 [see Delany et al. (1986) for a description of the precipitation kinetics option].
The geochemical environment to be modeled is defined as a system closed to the atmosphere, although the fluid phase is initially saturated with CO, from its contact with the atmospheric levels of CO, that is present in its groundwater source. This simulates a natural aqueous system which forms a closed system at depth. Since CO, and 0, are two of the principal geochemical weathering agents, the primary process controlling the evolution of the solution compositions in these experiments is mineral dissolution. The solution cation compositions show minor yet reproducible changes over the duration of the experiments.
CHARACTERIZATION OF WATER PROM WELL J-13
The NNWSI program uses water-supply well J-13 to support all activities at Yucca Mountain. J-13 is the nearest producing well to Yucca Mountain and is frequently pumped to supply drilling water for test holes in the area.
Most rock/water laboratory experiments by supporting NNWSI programs use it as the representative groundwater. The well was originally designated USGS Test Well 6 1963, and is located in the SW corner of Jackass Plats in Forty-Mile Wash at N 749,209 and E 579,651 (Nevada State Central Zone coordinates). The major producing horizon is a highly fractured interval within the Topopah Spring Member of the Paintbrush Tuff at a depth of 728 m (Robison, 1984) . J-13 groundwater analyses have been reported in numerous publications both by the USGS and the NNWSI program (Claassen, 19-73, 1983 (Claassen, 19-73, ,-wolfsberg et al., 1979 Daniels et al., 1982; Gueowski et al., 1983; Benson et al./ 1983; Thordarson, 1983; Moore et al., 1984; Ogard and Kerrisk, 1984) . J-13 groundwater can be classified as sodium bicarbonate type. The bulk chemistry of the groundwater reflects high concentrations of silica, sodium, and bicarbonate ion. Similar characteristics have been shown to be related to the alteration of volcanic rocks at Rainier Mesa White, 1979; White and Claassen, 1979; . Ogard and Kerrisk (1984) discuss the similarity between relative cation and anion compositions among groundwaters from tuffaceous aquifers at Rainier Mesa, Pahute Mesa, and Yucca Mountain. The range of,-compositions is consistent with the precipitation of silica, clays, and zeolites as secondary phases.
The J-13 laboratory supply, used in all rock-water experiments at LLNL, is stored on site in a plastic lined 55-gallon drum filled directly at the well. The laboratory supply has been well characterized by Oversby and Knauss , (1983) , Knauss (1984a ), and Oversby (1984a , 1984b . Table 1 lists an average composition (compiled over a 12-month period) of the LLNL j-13 laboratory supply. Comparison with other published analyses of J-13 water that has not undergone long-term storage indicates that the storage conditions do not significantly affect the overall composition. Dissolved oxygen content and pH reported from wellhead measurements are 5.5 and 7.1 ppm, respectively (Daniels et al., 1982) . Dissolved oxygen measurements made on the laboratory supply after standing for several months, indicate that the storage tank has become Accordingly, the basis may be better defined as twice the sum of the cation concentrations. It should be noted that the factor of 2 was omitted from this equation in the Version 3230B release of the EQ3NR code. In this study, the electrical neutrality of all solutions was determined using Eq. (3), and an error of less than 3% was routinely computed for individual J-13 analyses.
The average J-13 analysis is thought to closely represent the laboratory supply on any given day.
BULK MINERALOGY OF THE TOPOPAH SPRING TUFF
The core wafers and crushed samples used in the water-rock experiments are from drill hole USW G-l at a depth of 1232 ft, which is within the potential repository interval (Tyler, 1982) . These samples are densely welded and showed some evidence of vapor phase crystallization. The major phenocrysts are alkali feldspar and plagioclase, with biotite being found as an accessory mineral, and minor montmorillonite disseminated throughout the ground mass. Warren et al. (1984) found that the compositions of major remove all microparticulate matter from the surfaces. The effective porosity of the core-wafer sample is 6.5% using a measured bulk density of 2.335 3 3 g/cm and a grain density of 2.522 g/cm (Knauss et al., 1985b) . The sum of the densities of the major mineral phases (p.) multiplied by their respective volume percentage estimates (v^) give a theoretical grain density for the rock:
Using Eq. (4) with the data from Table 2 and Appendix A yields a value of 3 2.487 g/cm . The reasonable agreement between the measured and calculated grain densities provides a helpful indication that the average Tpt rock composition in Table 2 is an adequate representation of the rock samples used 2 in the experiments. BET Ar measurements yield surface areas of 2.67 m /g 2 and 0.378 m /g for the crushed and core-wafer samples, respectively. at 25°C. The stability fields for gibbsite, kaolinite, pyrophyllite, and K feldspar were computet} from the thermodynamic data in the EQ3/6 data base.
CODE INPUT PARAMETERS
The boundary of the montmorillonite stability field was generated using the equations given by Aagard and Helgeson (1983) , and the thermodynamic data for an idealized montmorillonite phase, K , 3 A1 (A1 Q 33 Si, 67 )0 1Q (OH) 2 {Garrels, 1984). The montmorillonite composition used by Garrels (1984) is similar to the idealized compositions in the EQ3/6 data base.
At elevated temperatures, the stability field for kaolinite shifts to higher silica activities. At 150°C, the phase relations indicate that j-13
water is in equilibrium with kaolinite. Figure Table 1 .
B. EQ6
The EQ6 code simulates the closed-system experiments of the reaction of the host rock with J-13 water at the desired temperature. For each phase listed above, a reactant block containing the following information is entered on the EQ6 INPUT file: the JCODE flag indicating whether the composition of each phase is to be expressed as a pure mineral or a solid solution, the initial number of moles of reactant (HORR), the surface-area option (NSK), the total surface area (SK) in cm", the ratio of kinetically active surface area to total surface area (FK), a rate law selection parameter (NRK), and the associated rate law constants (RK1, RK2, RK3). in order to express the reactant concentrations of the mineral phases as molal concentrations per kilogram of solution, theoretical rock-sample recipes were constructed for the crushed tuff and polished core-wafer experiments as follows:
1. For each subscripted mineral phase, the volume percent estimate (v.%) from Table 2 is converted to weight percentage (n.%) using the relationship v.% P.
n.% = -±-f .
'rock Here p. is the specific density of the particular phase and p , is l c rock the bulk density of the host rock. The total volume percent for the core-wafer recipe is less than 100%, because it takes into account the measured porosity of the sample. The amount of cristobalite was reduced by an amount equal to the measured effective porosity.
2. The weight percent estimate of each phase is related to the total mass of some volume of rock by 100 n. n.% . Tables 3a and 3b list the EQ6 rock-sample recipes for both the crushed and core-wafer samples. These recipes were generated using the data in Table   2 and Appendix A. 
where v is the net reaction velocity as a function of time, X, is a normalizing factor that represents the ratio of effective to total surface 2 area, s is total surface area, k is the rate constant in mol/cm *sec, A is the thermodynamic affinity, R is the gas constant, T is absolute temperature, and a is a kinetic stoichimetric factor (usually unity, see Wolery, 1986). Alkali feldspar 40.5 X 1.490 10 -3 15.9 X 2". 646 10
1.06 X 3.983 10"
1.14 X 3. The £ term in Eq. (7) takes into account the ambiguity that arises from using rate constants that have been determined experimentally. Such rate constants are usually computed from a quantity that is actually the product of the rate constant and surface area. Since BET techniques usually give the total surface area, the rate constants are generally calculated from it.
Aside from the fact that measured surface areas show a lot of variability, rate constants determined this way are based on the assumption that the active surface area is the total surface area. If a value is assigned to £ that is less than unity, then either of the following assumptions can be made:
(1) the total active surface area(s) has been overestimated, or (2) the rate constant has been overestimated.
A value for £ is input for each reactant in the EQ6 input file. This value has been used to denote the fraction of the total surface area that is estimated to be involved in the actual dissolution reactions. All reactants have the same value of 5 for each EQ6 run. As discussed below, there are significant differences between the core-wafer and crushed-tuff runs.
Dissolution rate constants consistent with transition-state theory have been reported for temperatures as high as 150°C only for k feldspar (Helgeson et al., 1984) and the silica phases (Rimstidt and Barnes, 1980) . Dissolution experiments of pure albite at 70°C (Knauss and Wolery, 1985) and phlogopite at 25°C (Lin and Clemency, 1981) have yielded rate constants for plagioclase and mica, respectively. Temperature-dependent estimates were made from the measured rate constants were made by assuming constant activation energy.
Another form of Eq. (7) consistent with transition-state theory is -E /RT k' T = Ae a ,
2 where k' is the rate constant at some elevated temperature in mol/cm 'sec, E is the activation energy, R is the gas constant, and T is the temperature of interest. The pre-exponential factor, A, is computed from the experimentally determined rate constant, k', at the reference temperature, T : r
An average activation energy of 14 kcal (Lasaga, 1981) was used to estimate the rate constants of piagioclase and mica at 150 and 250°C. A brief description of the EQ6 rate constant values for the phases using the transition-state rate law (NRK = 2) is given below: 1) Silica phases: Dissolution rate constants for a-cristobalite and quartz were calculated at 150 and 250°C using the differential rate equations given for the respective phases by Rimstidt and Barnes (1980) . Rate constants were fit to the following form log k' = a + bT + c/T ,
where the constants a, b, and c are -0.963, 0.0, and -3392 for a-cristobalite and 1.174, -2.028 X 10~ and -4158 for quartz. It was found that the rate constants computed using Eq. (10) had to be adjusted slightly in order to reproduce the actual silica concentrations observed in solution at 150 and 250°C. Preliminary EQ6 modeling runs indicated that this was necessary because the aqueous silica concentration was a primary factor in controlling the formation of secondary phases. Rate constant values of 3.55 X 10 and -13 2 1.20 X 10 mol/cm • sec were used for a-cristobalite and quartz at 150°C. This adjustment required increasing the rate constants by a factor of 3. At 250°C a similar rate-constant adjustment was necessary, but in the opposite direction. A measured BET Ar surface area for quartz sand with a -2 2 125-to-1000-um particle size is 9.2 X 10 m /g.
2) Sanidine: Dissolution rate constants for k-feldspar were calculated from the rate equations given by Helgeson et al. (1984) . Tne rate constants for 150 and 250°C are 2.88 X 10 and 2.46 X 10~ mol/cm • sec, respectively. These equations were generated by regression techniques based on geometrical estimates of total surface area and experimental rate data available in the literature. A reduction of two orders of magnitude in these rate constants was necessary to constrain host-rock dissolution to less than 1% during the reaction interval (see discussion below).
3) Plagioclase: An experimentally determined rate constant of k' = 7.9 -16 9 X 10 mol/cm "sec, determined at 70°C by Knauss and Wolery (1985) for the dissolution pure albite was used with Eqs. (8) and (4) to calculate temperature dependent rate constants at 150 and 250°C. The albite was obtained from Evje, Norway, and the samples were ground by a tungsten-carbide flat plate grinder to a 75-to-125-um particle size, then washed thoroughly to remove the ultrafine size fraction. The crushed samples were dissolved in buffered solutions with pH from 1 to 13 for 50 days in flow-thru cells. A 2 surface area of 770 cm /g was measured for the washed sample using BET Ar techniques. 4) Biotite: An experimental rate constant of k' = 3.8 X 10 2 mol/cm *sec, determined at 25°C by Lin and Clemency (1981) for phlogopite was used to calculate temperature-dependent rate constants at 150 and 250"C [Eqs. (8) and (9)]. The phlogopite from Madagascar was dry ground in a Waring blender then sieved to -400 mesh. The crushed sample was dissolved in deionized water saturated with CO, for 42 days in conditions that simulated a closed system. A surface area of 3.77 m /g was measured using the BET N 2 technique.
Although it is difficult to evaluate the uncertainty that should realistically be associated with these values, a rough estimate can be made for quartz. Rimstidt and Barnes (1980) have generated rate equations for pure silica phases over a 0-to-300°C temperature range. The equation for quartz is a least-squares regression of their experimental data along with other available experimental data from the literature. Comparing rate constant values for quartz computed at 105°C using the generalized least-squares equation with the specific values reported by Rimstidt and Barnes for their experiment 2E at 105°C reveals a difference of one and a half orders of magnitude (Delany et al., 1986) . Because the two silica phases, quartz and cristobalite, represent more than 50% of the host rock, an adjustment of up to , 1.5 orders of magnitude in the rate constants that was necessary to fit the observed shape of the concentration vs time curves for aqueous silica in the core-water experiments does not seem unreasonable. The reason that rate-constant adjustments needed to fit the experimental data at 150 and 250°C were in opposite directions is unclear. The least-squares regression probably overfit and underfit the experimental silica concentrations as a function of increasing temperature.
Detailed examination of the altered core-wafer samples (Knauss et al., 1985b ) reveals that only minor dissolution of the host rock has occurred during the reaction interval at 150 o C. This suggests that the dissolution rates of the individual phases must be constrained to yield limited dissolution of the host rock. Therefore, although large errors may be associated with the rates of the individual phases, the dissolution of the host rock is an internal check in the overall EQ6 simulation. A 2% weight change was observed in core wafers weighed before and after the 150°C experiments. A change of approximately 6% was observed in the -ore wafers associated in the 250°C experiments (Knauss et al., 1985b) .
In order to constrain the EQ6 dissolution of the host rock phases to a couple of percent, it was necessary to reduce the specific surface area of each phase. As noted above, specific surface areas were calculated from a measured BET Ar absorption area of the bulk sample and the corresponding volume percent of each phase. BET techniques have been shown to overestimate the actual surface areas that interact with solutions (i.e., biogenic phases, Walter and Morse, 1985 ; and ceramic waste forms, Oversby, 1982) . The active surface area of each phase is related to its total BET surface area in EQ6 by a constant associated with the nature of the sample type. The specific surface area of the core-wafer phases was adjusted to be 20% of the BET surface area. Similarly, the specific surface area of the crushed-tuff phases was found to be approximately 5% of the BET surface area. Similar results were found for biogenic samples, the highest BET surface areas tend to have a lower fraction of available surface area.
No experimental data are available on the dissolution of smectite phases.
Temperatures on the order of 150°C or higher are outside the stability field for most clays, and represent conditions that can be roughly equated with low-temperature metamorphism. Under these conditions the total dissolution of smectite would likely occur. To simulate this effect, a linear rate law that provides for constant dissolution as a function of time (NRK»4) has been used. A rate calculated assuming that the phase dissolved within 25 days for both the crushed tuff and core-wafer recipes gave the best fit of the observed aluminum concentration in solution. The surface area flag (NSK) was set to unity for all reactants, so the surface area changes in proportion to the reactant mass.
The NMODL=2 option simulates a closed-system environment. The 28 (Fig. 6) . The steady state concentrations of the major J-13 components are listed in Table 4 . The resulting open-system pH is approximately 8.5, thus preventing the formation of calcite. The silica concentration is controlled by clinoptilolite and is maintained at a level of 146 ppm. As cristobalite equilibrium is reached, its subsequent dissolution rate is set to zero. At the conclusion of the run, the three minor components in the core wafer were for the EQ3/6 codes hopefully will permit better modeling of the dissolution of tuff. This simulation has shown that data obtained from relatively short laboratory experiments may be sufficient for extrapolation to longer times.
Additional EQ6 runs were made to evaluate the buffering capacity of J-13 water over the 100-year interval. No changes were observed in either the solution concentrations or the secondary mineral assemblage as a result of varying the pH and pC0 2 within a range observed for field analyses of J-13 water. It appears that the existing mineral assemblage is capable of effectively buffering the water/mineral system (see Ogard and Kerrisk, 1984) .
AH EQ6 simulations are calculated on a per-kg-of-solution basis. For the 150°c core-wafer experiment, the rock/water ratio is 2 g of rock per
200 ml of solution. To relate this to a repository environment in the unsaturated zone, the water source has to be accounted for. An upper bound of one millimeter per year has been estimated from precipitation infiltration of 0.5 to 4.5 mm measured at Yucca Mountain (Montazar and Wilson, 1984) . Using this value as the fluid source, a cubic centimeter of rock would come in contact with 200 ml of water over a period of 2,000 years. Thus, under these conditions, the long-term reaction interval of 100 years would actually correspond to 200,000 years of repository existence at 150°C. Fluid temperatures will probably not rise above 120°C, so these steady-state conditions are at most a preliminary upper bound on J-13 compositional variation.
SUMMARY
The dissolution of Tpt in J-13 water can be reasonably approximated by using a simplified host-rock recipe containing six phases and an average J-13 composition. A closed-system environment at 150°C can be simulated by imposing a minimum of number of constraints on the EQ3/6 input parameters.
Composition changes observed in J-13 solution compositions reacted with Tpt at 150°C indicate that the limiting solution composition is determined by the formation of secondary phases. These phases have been identified by EQ6 to be cristobalite, Ca-smectite, and Ca-clinoptilolite. The existence of cristobalite and a smectite/illite phase has been corroborated by direct observation of reacted core wafers. The current EQ3/6 data base represents these phases as idealized compositions from estimated thermodynamic data. EQ6
treats the dissolution of reactant phases according to user-specified rate laws and rate constants. The rate constants for each phase in the model are constrained to yield negligible dissolution of the starting host rock. This constraint also serves to offset the uncertainties associated with individual rate constants compiled from different sources. This procedure ensures that computed host-rock dissolution will coincide with experimental observations (Knauss and Beiriger, 1985b) .
Preliminary EQ6 results indicate further experimentation is necessary before an interpretation of the processes controlling the solution composition can be made. For example, the initial steep rise in silica concentration observed in crushed-tuff experiments may be attributed to the presence of a large fraction of ultrafine material created by the grinding technique used in the sample preparation. This ultrafine fraction that has been referred to as a form of "disturbed material" by Holdren and Berner (1979) . It consists of particles dissolved rapidly in solution so as to initially increase the rate of dissolution. As these particles disappear the dissolution rate decreases and levels off. Additional experiments using pretreated crushed tuff that has At the time of these calculations, the addition of several rate laws to handle precipitation kinetics was under development. These changes will be available in the next release version of the EQ3/6 package.
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